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Abstract 
We have measured a pulsed laser induced transient Nernst-Ettingshausen (TNE) effect for semimetal Bi and for nearly gapless 
materials Bi-Sb and Bi-Te alloy single crystals at 4.2 K and under magnetic fields up to 4 T. We have found the giant
longitudinal-TNE (l-TNE) and transverse-TNE (t-TNE) signals for all materials. The l-TNE signals show a quite unusual anti-
symmetric magnetic field dependence, which suggests a mechanism of bipolar state caused by breakdown of space inversion 
symmetry.  
PACS: 71.20.Nr; 71.55.Ak; 72.15.Jf; 72.20.Pa; 73.43.Fj 
Keywords: transient Nernst-Ettingshausen effect; nearly gapless materials; antisymmetric longitudinal transient Nernst-Ettingshausen effect 
1. Introduction 
Bismuth is a semimetal with small electron and hole Fermi surfaces (or pockets) in the Brillouin zone [1]. Nernst 
effect was first discovered in bismuth because this material exhibits large magneto-thermoelectric effects. The 
archetypical semimetal is attracting revival attention, following the recent observations of fractional Hall effect in 
bismuth [2] and of Dirac fermions in graphite and graphene [3, 4]. Nearly gapless materials including narrow gap 
semiconductors and semimetals give rise to unique transport, magnetotransport, and magneto-thermoelectric 
properties because their Fermi energy EF is very small comparable to thermal energy kBT and magnetic energy ƫZc
[ƫ = h/(2S) and Zc the angular cyclotron frequency] in which the exotic carriers (for example, electrons with large g-
value or Dirac electrons) should play an important role. To probe the dynamic properties of such carriers, it is 
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necessary to develop a new technique, such as a “transient Nernst-Ettingshausen effect (TNE)” method developed in 
the present work, which is a modification of the pulsed laser induced “transient thermoelectric effect (TTE)” method 
developed by one of our authors [5].   
We have currently performed dynamic experiments for various kinds of conductors such as semiconductors, 
semimetals, metals, and superconductors using the TTE method [5-7]. The principle of the TTE method is 
schematically shown in Fig. 1(a). In this method, the pulsed laser light is irradiated at one end of the sample, other 
surface is masked by a mask painted by light green in Fig. 1, and then results in the spontaneous electron excitation 
or thermal gradient around the boundary of the laser irradiated and masked non-irradiated regions in the sample. The 
thermal gradient gives rise to carrier diffusion from higher to lower temperature sides. Therefore, the bipolar (or 
ambipolar) states are formed: in case of single electron system the bipolar states between electrons and counter 
cations are formed (see Fig. 2). If there exist electrons and holes as in semimetals or photo-excited electrons and 
holes as in semiconductors, the bipolar states of electron-hole pairs are formed. The diffusing bipolar states induce a 
transient voltage called as a “TTE voltage” between the sample edges, whose sign can be determined by the head 
polarity of the diffusing bipolar states.  
If the static magnetic field B is applied perpendicularly to the surface of the sample used for TTE experiments 
[see Fig. 1(b)], the diffusing bipolar states under magnetic field induce transient longitudinal and transverse
voltages: hereafter we call such methods as longitudinal and transverse transient Nernst-Etthingshausen (l-TNE and 
t-TNE) methods, respectively. The sign of l-TNE voltage can be also determined by the head polarity of the 
diffusing bipolar states, while the sign of t-TNE voltage can be determined by the head polarity of the bipolar states 
tilted by the Lorentz force (whose situation is similar to the static Hall effect).  
In order to study the dynamic properties of exotic carriers in nearly gapless materials including typical semimetal, 
we have measured the l- and t-TNE signals for semimetals Bi single crystal and for nearly gapless materials Bi-Sb 
and Bi-Te alloys single crystals at low temperature of 4.2 K and under magnetic fields up to 4.0 T.  
2. Experiment
Semimetal Bi and nearly gapless material Bi-Sb alloy (Bi1-xSbx)
with x = 0.03 single crystals were grown by a zone melting method [7]. 
Another nearly gapless material Bi-Te alloys (Bi1-xTex) with x = 0.20 
were grown by a modified zone melting method (which will be 
described elsewhere).  
Width and pulse interval of the pulsed laser used were 8 ns and 100 
ms, respectively: the former is sufficiently short compared with the 
time range of initial photo-induction process (> few 10 ns) of the TNE 
voltage and the latter is long compared with the diminishing time (< 
100 ms) of the thermal gradient generated in the sample. The laser 
intensity was adjusted to be sufficiently weak in which the photo-
generated rising temperature of the sample is within few K: the 
temporal profiles of the observed TNE voltages are independent on the 
laser intensity even if the laser intensity was increased a few times. 
Other details of the TNE experiments were almost the same as the TTE 
apparatus [5]. The magnetic field B was applied by a superconducting 
magnet. The direction of magnetic field applied was along the trigonal 
axis for all samples.  
3. Results and discussion 
3.1 Semimetal Bi 
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Fig. 1.  Schematic pictures of laser 
irradiation for (a) TTE and (b) TNE 
methods.
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Fig. 2.  Schematic pictures of bipolar states.
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Typical l- and t-TNE signals for semimetal Bi single crystal observed at 4.2 K and up to 4 T are shown in Fig. 
3(a) and (b), respectively. At B = 0, no l- and t-TNE signals were observed [see black lines in Fig. 3(a) and (b)]. 
When the magnetic field is applied, both signals bear to appear. In case of l-TNE signals, say B = +0.2 T, after the 
pulsed laser irradiation the l-TNE voltage Vl-TNE peaking at 0.03 Ps is induced and then decreases drastically [see 
Fig. 3(a)]. Above 0.1 Ps Vl-TNE decays slowly within 1 Ps. In case of t-TNE signals, say B = +0.2 T, similar peak-
like t-TNE voltage Vt-TNE peaking at 0.06 Ps is induced and then decreases drastically [see Fig. 3(b)]. Above 0.12 
Ps Vl-TNE rather increases slowly. The common features of the l- and t-TNE signals are as follows. (i) Giant peak-
like rapid TNE signals followed by slow ones were observed. (ii) Both rapid and slow TNE signals are anti-
symmetric against the field reversal: for B > 0 the TNE voltages Vl-TNE and Vt-TNE are negative. (iii) The profiles of 
the TNE signals are field-independent. On the contrary, the most different feature between l- and t-TNE signals is 
their slow processes: Vl-TNE decays exponentially, while Vt-TNE increases and then tends to saturate above 2 Ps,
though not shown here. This fact strongly suggests that the l-TNE voltage is not the transverse component caused 
by tilted magnetic field but truly pure longitudinal component.  
To see the effect of magnetic field to the l- and t-TNE signals 
for Bi single crystal, we plotted the peak voltages Vpeak against 
the magnetic fields and then the results are shown in Figs. 4 in 
which the results of the magnetoresistance (MR) 'U/U0 [= (U(B) - 
U0)/U0; U(B) the magnetoresistivity; and U0 = U(0)] obtained for 
same sample is also shown for comparison. As can be seen from 
Fig. 4(a), the MR is extremely large and shows quadratic field 
dependence below r0.5 T (this region is denoted as a quadratic 
MR (QMR) region: light green area) and then nearly linear field 
dependence (this region is denoted as a linear MR (LMR) region: 
light pink area), except for above r2 T. On the other hand, 
magnetic field dependences of Vpeak of the l- and t-TNE signals 
are almost same each other and anti-symmetric against the filed 
reversal [see Fig. 4(b)], though the magnitude of Vpeak of the t-
TNE signal is 20 times larger than that of the l-TNE signal. Vpeak
increases linearly with increasing fields in the QMR region, tends 
to saturate in the LMR region, and decreases slightly above 2 T. 
We can also find the Shubnikov de Haas (SdH) oscillations in the 
Vpeak–B curves. Taking into account the fact that the pulsed laser 
irradiation perturbs the electron and lattice systems and then the 
temperature of the laser irradiated area of the samples rises 
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Fig. 4.  Magnetic field dependences of (a) MR 
and (b) Vpeak for Bi single crystals.  
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Fig. 3.  Typical TNE signals for Bi single crystal observed at 4.2 K: (a) l-TNE signals and (b) t-TNE signals.
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abruptly a few K, it is surprising to note that the SdH oscillations are rather enhanced in the TNE signals. Based on 
the transport theory, on the other hand, any longitudinal and transverse transport, magnetotransport, and magneto-
thermoelectric properties are symmetric and anti-symmetric to the field reversal, respectively. From this standpoint, 
the results obtained from the l-TNE experiments are quite unusual.  
3.2 Nearly gapless material Bi-Sb alloy 
The l- and t-TNE signals for nearly gapless material single crystal of Bi-Sb alloy Bi0.97Sb0.03 single crystal are 
shown in Fig. 5(a) and (b), respectively. At B = 0, small l-TNE signal was observed [Fig. 5(a)], while no t-TNE
signal was observed [Fig. 5(b)]. In case of l-TNE signals, say B = +0.2 T, the rapid peak-like l-TNE signals peaking 
at 0.03 Ps were observed and then its voltage diminished almost completely within 0.1 Ps [see Fig. 4(a)]. In case of 
t-TNE signals, similar peak-like t-TNE signals peaking at 0.04 Ps were observed, and then whose voltage also 
diminished within 0.1 Ps [see Fig. 5(b)]: whose magnitude is giant compared with that at B = 0. The common 
features are as follows. (i) Rapid peak-like TNE signals were observed. (ii) No slow components were observed. 
The different feature is that the l-TNE signals show anti-symmetric behavior, while the t-TNE ones are nearly 
symmetric.  
The magnetic field 
dependences of Vpeak
for Bi0.97Sb0.03 single 
crystal are shown in 
Fig. 6, together with 
the corresponding MR. 
The MR shows 
completely linear 
weak-filed LMR below 
r0.1 T [this region is 
denoted as a “wf-LMR
region”: light water 
colored area; seen the 
right panel in Fig. 6 
(b)] and then nearly 
linear field dependence 
(seen the left panel). As 
can be seen from the 
left panel in Fig. 6(b), 
Vpeak of the l-TNE 
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Fig. 6.  Magnetic field dependences of (a) MR and (b) Vpeak for Bi0.97Sb0.03 single crystals (left 
panels) and their expanded results (right panels).
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signals exhibits strong anti-symmetric field dependence in the wf-LMR region and then saturates above r0.5 T: 
whose behavior is closely related to the behavior of MR. On the other hand, Vpeak of t-TNE signals shows nearly 
symmetric field dependence, though it includes the anti-symmetric component: whose negative magnitude increases 
gradually with B. As can be seen from the right panel, Vpeak of the l-TNE signals below r0.2 T shows the 
complicated anti-N shaped field dependence, while Vpeak of t-TNE signals exhibits less field dependence.  
3.3 Nearly gapless material Bi-Te alloy 
The l- and t-TNE signals for another nearly gapless material Bi0.80Te0.20 single crystal are shown in Fig. 7(a) and 
(b), respectively. At B = 0, no l-TNE signal was observed [Fig. 7(a)], while the negative t-TNE signal was observed 
[Fig. 7(b)]. In case of l-TNE signals, say +0.2 T, the large rapid l-TNE signal peaking at 0.03 Ps was observed and 
then its voltage diminished almost completely within 0.1 Ps [see Fig. 7(a)], whose magnitude is giant compared with 
that at B = 0. In case of t-TNE signals, say +0.2 T, similar rapid t-TNE signal peaking at 0.04 Ps is observed and 
then decays gradually [see Fig. 7(b)]. With increasing magnetic fields, the magnitude of the l-TNE signals is 
reduced, while that of the t-TNE signals is less field dependent.  
The magnetic field dependences Vpeak of the TNE signals obtained for Bi0.97Sb0.03 single crystals are shown in 
Fig. 8, together with the 
corresponding MR. The 
MR shows completely 
linear wf-LMR below r0.1 
T (light water colored 
area) and then quadratic 
field dependence. As can 
be seen from Fig. 8(a), 
Vpeak of the l-TNE signals 
exhibits strong anti-
symmetric field 
dependence in the wf-
LMR region and then it is 
rather reduced above r0.1 
T: whose behavior is also 
closely related to the 
behavior of MR. The
Vpeak of t-TNE signals 
shows similar field 
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dependence as that of the l-TNE signals, except for the behaviors in the wf-LMR region.  
3.4 Possible mechanism 
In the present work, we found the quite unusual anti-symmetric l-TNE signals 
for all samples. As described in Introduction section, the sign of the l-TNE 
voltage is determined by the head polarity of diffusing bipolar states (see Figs. 2 
and 9). According to the present results, the head polarity should be negative for 
B > 0 but positive for B < 0. To explain the present results, we consider the 
following possible mechanisms. (1) The mechanism related to the bipolar states 
formed by electron-cation pairs: its polarity does not change essentially by the 
filed reversal and thus this mechanism is ruled out. (2) The mechanism related to 
the bipolar states formed by electron-hole pair. In this case, the polarity is 
determined by the inequality between the electron mobility Pe and hole mobility 
Ph: in case of Pe > Ph the polarity is negative, while in case of Pe < Ph it is 
positive. Since the mobilities are usually field-independent, this mechanism is 
also ruled out. (3) The mechanism related to the bipolar states formed by filed-dependent electron-hole pair, in 
which we consider field-dependent g-factor. Since the inequality between Pe and Ph does not change by field 
reversal, this mechanism is rejected from the possible mechanisms. (4) The mechanism based on a breakdown of 
space inversion symmetry. If the breakdown of space inversion symmetry is reflected in carrier scattering and then 
results in the reversal of the inequality between Pe and Ph {Pe > Ph for B > 0 [Fig. 9(a)]; Pe < Ph for B < 0 [Fig. 
9(b)]}, it is possible to explain the present results. To our knowledge, no theoretical approaches for the TNE based 
on the symmetry breakdown exist: such work will be a challenging work for theoretical physicists. This also will 
give us an explanation to the difference between the TNE signals observed for three kinds of samples.  
4. Conclusions
We have found the quite unusual anti-symmetric l-TNE signals for all samples. The main results are as follows.  
1. We have first observed l- and t-TNE signals for semimetal Bi and nearly gapless material Bi0.97Sb0.03 and 
Bi0.80Te0.20 single crystals at 4.2 K and under magnetic fields up to 4.0 T.  
2. Both signals are significantly field dependent.   
3. For all samples, the peak voltages of the l- signals are snit-symmetric against the field reversal.  
4. The SdH oscillations observed in the magnetoresistance for Bi are enhanced in the TNE signals.  
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